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a b s t r a c t
Previous studies demonstrated that melting, initiated by supercritical ﬂuids in the 375–400 °C range, occurred as
part of anthracite metamorphism in the Appalachian Basin. Based on the known behavior of vitrinite at high temperatures and, to a lesser extent, at high pressures, it was determined that the duration of the heating, melting,
and resolidiﬁcation event was about 1 h. In the current study, featureless vitrinite within banded maceral assemblages demonstratesthe intimate association of melted and resolidiﬁed vitrinite with anthracite-rank macerals.
By analogy with metamorphosed inorganic rocks, such associations represent diadysites and embrechites,
i.e., cross-cutting and layered migmatites, respectively. Even though the temperature of formation of the anthracite structures is several hundred °C lower than that seen in metamorphosed inorganic rocks, anthracites are
metamorphic rocks and the nomenclature for metamorphic rocks may be appropriate for coal.
© 2020 Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).

1. Introduction
While there have been many attempts to correlate mineral and
maceral metamorphic parameters, Kisch (1987) noted that the accuracy
of the parameters and reﬁnement of the correlations is limited by the
nature of the starting materials and many other factors including, but
not limited to, oxidation conditions, supply of cations, SiO2 supersaturation, permeability and porosity of rocks, partial pressure of CO2, changes
in the composition of interstitial solutions with time, persistence of nonequilibrium mineral assemblages,and the selection of theappropriate
vitrinite type for reﬂectance measurements. Basically, as the “coaliﬁcation experiment” was run several hundred million years ago (in the
case of the Pennsylvania anthracites), it cannot be replicated by experimental heating and in most, if not all cases, there are more variables
than can be reliably deﬁned. Therefore, not only is it difﬁcult to relate
structural and textural characteristics of high maturity coals to those
present in metamorphic rocks, it is even more difﬁcult to interpret textural similarities in anthracite and those in metamorphic rocks in terms
of temperature and pressure conditions. Considering that organic matter is more sensitive to metamorphic processes than minerals, the question remains whether metamorphic rock terminology can be applied to
⁎ Corresponding author.
E-mail address: james.hower@uky.edu (J.C. Hower).

high maturity coals in cases where structural and textural features resemble closely those in metamorphic rocks.
Metamorphic and tectonic structural techniques and nomenclature
(after Ramsay, 1967; Spry, 1969; Bucher and Grapes, 2011) have been
applied to high to low volatile bituminous coals in western Pennsylvania by Hower (1978) and Zhang and Davis (1993); to an anthracite
from a mine in the Southern Anthracite ﬁeld, Pennsylvania by Hower
(1978) and Hower and Davis (1981); to semi-anthracite- and
anthracite-rank coals in the Pennsylvania Anthracite ﬁelds by Levine
and Davis (1989a); to medium and low volatile coals in the Broad Top
coalﬁeld, Pennsylvania by Levine and Davis (1989b); and to several locations in Alberta and British Columbia by Kalkreuth et al. (1990) and
Langenberg and Kalkreuth (1991). At a very ﬁne scale, the occurrence
of nanotubes in anthracites and meta-anthracites with Rmax> 5% is a reﬂection of the metamorphic temperatures and pressures (Silva et al.,
2020). A similar mechanism was noted in anthracites intruded by igneous rocks (Li et al., 2017), but the Silva et al. (2020) discovery appears to
be the ﬁrst for regionally metamorphosed coals.
The theories on metamorphic events in the Pennsylvania Anthracite
Fields and, indeed, elsewhere in the Appalachians and beyond, evolved
from traditional views of the imposition of coal rank by folding pressures (White, 1925; Turner, 1934), a view that persisted at least to the
work of Wood et al., 1969 despite Teichmüller and Teichmüller's
(1966) advocacy for the inﬂuence of geothermal heating. In contrast,
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2. Methods

more recent works emphasize the static inﬂuence of heating at depths
of several kilometers accompanying the folding (Hower, 1978; Hower
and Davis, 1981; Levine, 1983, 1986; Levine and Davis, 1989a, b;
Roden and Miller, 1989; Kisch and van den Kerkhof, 1991; Hulver,
1997; Faill, 1998)1and/or the inﬂuence of hydrothermal ﬂuids
(Gresley, 1896; Reeves, 1928; Oliver, 1986, 1992; Juster et al., 1987;
Daniels and Altaner, 1990; Daniels et al., 1990, 1994, 1996; Hower
et al., 1993; Hower, 1997, 2013; Hower and Gayer, 2002; Harrison
et al., 2004; Ruppert et al., 2010; Ruppert et al., 2014). Higher vitrinite
reﬂectances in the Pennsylvanian anthracites (Ruppert et al., 2010)
compared to those in the underlying Devonian black shales (Repetski
et al., 2008) suggest that hydrothermal ﬂuids might have preferentially
ﬂowed through the Pennsylvanian rocks rather than the Devonian
rocks. Coal, however, records higher reﬂectance than vitrinite in associated clastic sediments around the same intrusive body (Quaderer et al.,
2016). Based on the above observations, it is hypothesized thatthe estimated peak temperature ranged from 200 °C for the semi-anthracites in
the western portion of the coalﬁeld (Levine, 1983; Nickelsen, 1983) to
260–275 °C in the higher-rank, eastern basins (Eastern Middle Field
and the eastern end of the Southern Field) (Juster et al., 1987; Daniels
and Altaner, 1990). Fluid inclusion (Nickelsen, 1983; Kisch and van
den Kerkhof, 1991) and apatite ﬁssion-track data (Roden and Miller,
1989; Blackmer, 1992; Blackmer et al., 1994) support these temperature
estimates.
In Pennsylvania anthracite, based on extant maceral and resolidiﬁed
thermoplastic vitrinite evidence, Hower et al. (2019) estimated that
melting and resolidiﬁcation of the high volatile C or B bituminous
vitrinite occurred at 375 °C<T<400 °C at a depth of at least 1-km over
a time span of about an hour. Hot ﬂuids, perhaps in a supercritical
state, drove the metamorphism,emphasizing the interplay of temperature and pressure in metamorphism. The heating certainly persisted
after the coal solidiﬁed, so overall, the extent of the metamorphic
event would have been longer than an hour given the amount of time
necessary for cooling from the high-300 °C temperature range to the
ambient temperature (unknown, but certainly somewhat lower than
the peak metamorphic temperature). Clearly, temperatures close to
the peak metamorphic temperatures should be more inﬂuential in
coal rank advancement than the subsequent lower temperatures, so
the entire heating and cooling time span is less important than the
time near the peak temperature (Hood et al., 1975). For example,
Barker (1991) argued that the duration of heating could be a poor predictor of the vitrinite reﬂectance under some conditions.
Complex heating events like those discussed above often result in
unusual textures in anthracites and natural cokes. In this study, the applicability of igneous/metamorphic nomenclature to coal textures is
discussed by way of examples from the Pennsylvanian-age Pennsylvania Anthracite Fields (speciﬁcally the Buck Mountain coal vein2 from
Schuylkill County) and Narragansett Basin (Rhode Island) metaanthracite ﬁelds, ﬁre-altered Pennsylvanian coal from Alabama, and igneous intrusion-altered coals from North Carolina and Virginia (both
Triassic) and KwaZulu-Natal, South Africa (Permian). It is noted that if
metamorphic terminology is applied to coal textural features, it is very
important to address temperature and pressure conditions responsible
for their formation in comparison to the formation of similar textures
in the higher temperature, about 630–800 °C, rock metamorphic
regime.

Samples of the Pennsylvanian Buck Mountain vein from a mine in
western Schuylkill County, Pennsylvania, were examined. The epoxybound pellets were made from the broken remnants, generally >1mm size, of a 5 cm × 5 cm block sample that had been subjected to
strength testing and from a 1-mm-thick oriented wafer prepared for
thermal testing (Weisenberger et al., 2020). As such, the maceral composition and chemistry of the test pellets are not representative of the
whole coal. Both pellets were prepared to a ﬁnal 0.05-μm alumina slurry
polish. All other samples cited in the study were previously prepared for
other studies.
Reﬂectance measurements were taken on epoxy-bound particulate
pellets using a 50×, reﬂected-light, oil-immersion objective utilized incoming light polarized at 45°. The reﬂected light passed across a grating
monochrometer set at 547 nm on the path to the photomultiplier tube.
Random reﬂectance was determined from the average of orthogonal
measurements in the same area in which the maximum reﬂectance represents the maximum reading following a rotation of the stage.
Photographs were taken with a Diagnostics Instruments Spot Insight
CMOS 5 MP camera on a LeitzOrthoplan microscope using a 50×, oilimmersion, reﬂected-light objective and crossed polars with and without a wavelength plate.
3. Results and discussion
3.1. Evidence from previous studies
Hower et al. (2019), based on the observed textures of the macerals
in the coals, discussed melted and resolidiﬁed coal in Pennsylvania anthracites and intruded coals from Illinois, Colorado, Antarctica, and
South Africa. As a summary of such textural changes, Fig. 1 shows
some examples from markedly different types of coal metamorphism,
all converging on some common features. Fig. 1A and B show examples
of pyrolytic carbon in Pennsylvania anthracite. Much like some of the
examples discussed in Hower et al. (2019), the vitrinite at the top of
Fig. 1B apparently had melted. Goodarzi and Cameron (1989; their ﬁg.
5), in an example from the Cretaceous Telkwa coalﬁeld, British Columbia, and Suárez-Ruiz et al. (2006; their ﬁg. 2, photo 3), in an example
from a late Westphalian Peñarroya Basin anthracite, show featureless
vitrinite with devolatilization vacuoles. The latter two examples
(Goodarzi and Cameron, 1989; Suárez-Ruiz et al., 2006), the three images from Fig. 10 of Hower et al. (2019), and the example in Fig. 1B
(and possibly Fig. 1A) of this paper are all embrechites, or layered
migmatites (after Spry, 1969).
Pyrolytic carbon occurs along the edges of the brecciated fragments
in Fig. 1C. Fig. 1C and D shows mosaic structures in Rhode Island
meta-anthracites. Li et al. (2018, 2019) identiﬁed similar features as microcrystalline graphite in their study of a Hunan, China, Carboniferousage coal altered by a granitic pluton. In addition, a meta-anthracite of
unknown age and location, appears to have a sub-micron granularity
(mosaic structure) in the vitrinite (Fig. 2; Kenyon et al., 2021 in review).
The Mulga, Alabama, coal, collected from a burning coalbeneﬁciation-reject pile, shows structures associated with melting and
coking (Fig. 3A and B; from unpublished work by Hower). The Triassic
natural cokes from North Carolina (Fig. 3C) and Virginia (Fig. 3D)
show the mosaic structure associated with the repolymerization of a
melted vitrinite into a semicoke (Gray and DeVanney, 1986; Hower
and Lloyd, 1999). Fig. 3D, from the Triassic Richmond (Virginia) Basin,
illustrates an example of a coke in close association with anthraciterank vitrinite; in this case, the liquid vitroplast migrated through fractures and/or void spaces, perhaps associated with the fusinite, and
repolymerized adjacent to vitrinite. Based on the nature of the coke,
the pre-heating vitrinite was likely high volatile bituminous rank.
Coke adjacent to inertinite and, possibly, vitrinite is shown in examples
from Permian KwaZulu-Natal, South Africa, coal (Fig. 3 E,F). Vitrinite

1
In an example from outside of the Anthracite Fields, Hower and Wild (1994) noted
that Jurassic coals (continental slope offshore New Jersey) had high volatile A
reﬂectancesat current sediment depths of 3.5 to 3.9 km, emphasizing the role of tectonic
history in determining the coal rank. The Jurassic coals were deposited in a rift basin, initially near a spreading ocean ridge; a passive margin, not an orogenic belt as with the Anthracite Fields.
2
The convention in the Pennsylvania Anthracite Fields has been to refer to coal beds as
veins.

2
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Fig. 1. Examples of thermoplastic and coke-like structures in coals: (A) Pyrolytic carbon (pc), vitrinite (v), and inertinite (i) in Schuylkill County, Pennsylvania, Pennsylvanian anthracite
(sample supplied by Blaschak Coal; Hower et al., 2017). Image 94000 01. Scale = 50 μm. (B) Pyrolytic carbon (pc) with vitrinite (v) and inertinite (i) in Luzerne County, Pennsylvania,
Pennsylvanian anthracite (sample supplied by Blaschak Coal). Image 94037 15. Scale = 50 μm. (C) Fine mosaic (m) structure in Cranston, Rhode Island, Pennsylvanian metaanthracite. Scanned image (10,260 Cranston) from picture donated to Hower by Ralph Gray in conjunction with the writing of Hower et al. (1993). Scale not known. The coal rank of
the Cranston meta-anthracite was discussed by Quinn and Glass (1958) and Kisch (1974c). (D) Mosaic structure (m) in Rhode Island Pennsylvanian meta-anthracite. Scanned image
(9350 6 Rhode Island) from picture donated to Hower by Ralph Gray in conjunction with the writing of Hower et al. (1993). Scale not known. Skehan et al. (1982) summarized the
geologic setting of this sample and the Fig. 1C sample.

Fig. 2. Sub-micron mosaic (m) structure in vitrinite from the North Carolina site of the 1718 Queen Anne's Revenge shipwreck (Kenyon et al., 2021, in review). The meta-anthracite, with
7.5% Rmax, was likely from a U.S. Navy ship in the late-19th /early-20th century, and, thus, might be from the Pennsylvania Anthracite Fields.As a domestically produced smokeless fuel,
Pennsylvania anthracite was a common fuel source used by the U.S. Navy at that time; therefore, the co-location with a 1700's shipwreck is coincidental. Image CCA 04 14. Scale = 50 μm.
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Fig. 3. (A) Fine mosaic (m) structure in heated (originally) Pennsylvanian high volatile A/medium volatile bituminous vitrinitefrom Mulga, Alabama (sample collected by Hower; site
discussed by Kolker et al., 2009). Inertinite (i) and vitrinite (v) are also shown. Image Mulga 04. Scale = 25 μm. (B) Thin bands of pyrolytic carbon (pc) and devolatilization vacuoles
(dv) in Pennsylvanian heated (originally) high volatile A/medium volatile bituminous vitrinite from Mulga, Alabama (sample collected by Hower; site discussed by Kolker et al., 2009).
Image Mulga BW 10. Scale = 100 μm. (C) Mosaic structure (m) and inertinite (i) in natural coke from the Egypt mine, Triassic Deep River basin, Lee County, North Carolina (region
discussed by McArver, 2006; also see: http://www.ncmarkers.com/Markers.aspx?sp=search&k=Markers&sv=H-41). Image Vandy 683 15. Scale = 50 μm. (D) Mosaic structure
(m) after thermoplastic vitrinite adjacent to inertinite (i) and anthracite-rank vitrinite (v) in Triassic coal from Richmond Basin, Virginia (Hower, 2014). Image Vandy 675 02. Scale =
25 μm. (E) Vesiculated mosaic coke (m) with inertinite (i). KwaZulu-Natal, South Africa. Image 69763 14. Scale = 25 μm. (F) Inertinite (i) and a semifusinite/vitrinite (sf/v) with coke
(c). KwaZulu-Natal, South Africa. Image 69763 18. Scale = 25 μm.

occurs adjacent to coke in the same coal (ﬁg. 12C of Hower et al.
(2019)). Given the timing of melting of vitrinite and the
repolymerization as a coke,on the order of one hour, even if the cokes
illustrated above did not form in situ, they did not ﬂow far from their
melting point prior to resolidiﬁcation.

3.2. Evidence for melting of vitrinite
The coal sample examined in this study, an anthracite (Rmax 5.30%
and Rrandom 4.51%) from the Buck Mountain vein, Western Middle
Anthracite Field, Schuylkill County, Pennsylvania, has poor to

Fig. 3 (continued).
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Fig. 4. Portion of the Buck Mountain vein with areas of banded vitrinite (v) and inertinite (i) and contiguous areas of poor to non-existent banding. Composite image 8689 s 08 with inset
image 8689 s 08d. Scale = 50 μm on both the composite and inset images.

in reﬂectance of the vitrinite occurs within the “poor resolution of
banding” area in the inset.
Fig. 6, along with the enlargements of select areas of the composite
view (Fig. 7A–C), shows an area between the two inertinites with
even clearer signs of the loss of banding and of the presence of pyrolytic
carbon along one side of the latter feature and in one of the inertinite
grains (Fig. 6).The area of interest, the proposed diadysite migmatite
texture (after Spry, 1969), is a featureless vitrinite lodged between
two inertinite grains about 300-μm apart (Fig. 7A–C). In this view, the
left side of the featureless vitrinite has pyrolytic carbon along its edge,
extending more than 100 μm into the otherwise unaltered vitrinite (in
part on Fig. 7A with the entire length shown on Fig. 6). In Fig. 7C, the pyrolytic carbon extends along fractures in the inertinite. Fig. 7A–C shows
the ﬁne, micron-scale details of the pyrolytic carbon.
This isotropic coke apparently formed consequent to the heating and
melting of the high volatile C/B bituminous vitrinite. As per the discussions of Hower et al. (2019), the estimation of the original rank of the
melted coal is constrained by the lack of mesophase in the thermoplastic vitrinite. This is in contrast to the original higher bituminous rank,
perhaps high volatile A to medium volatile, as inferred from the possible
mesophase structure,of theprecursors of the Narragansett Basin
vitrinite (Fig. 1C,D); the Lee County, North Carolina, coke (Fig. 3C);
and the Mulga vitrinite (Fig. 3A,B). The presence of pyrolytic carbon,
both in vitrinite porosity and at edge of melt zone, and in fractures in
inertinite suggests a gas phase associated with the Anthracite Field
melting event (after de Sousa, 1978; Goodarzi, 1985; Goodarzi et al.,
1992).
The mechanisms discussed by Hower et al. (2019) and in this paper
represent ephemeral events. In coals, short-duration events such as this
heating, melting, and resolidiﬁcation over the course of about 1 h at a
melting temperature of 375–400 °C (Hower et al., 2019), require higher
temperatures than in regional metamorphism. Mineral-based temperature estimates of short-term events in coals are problematical; indeed,
Kisch (1987) suggested that the “no time inﬂuence” model of Price
and Barker (1985) over-estimated the metamorphic temperature inferred from the mineral assemblages (Fig. 8). This could explain why
the projected temperatures exceed the mineral-based estimates by

non-existent banding ﬂankinga region with clearly banded coal (Fig. 4).
Inertinite is the best indicator of the vague traces of banding in the adjacent “poor to non-existent banding” region. In terms of migmatites,
this is a diadysite structure, a cross-cutting migmatite (after Spry,
1969). Anisotropy in anthracitic vitrinite is common when the vitrinite
is deformed around a mineral or harder maceral (inertinite) (see Fig. 5).
While the contrast seen in Fig. 5 is a function of the deformation stress
associated with the mineral band (clay) at the bottom of the composite
image, this does not appear to be the case in the Fig. 4 example, as both
the composite and inset views show that the anisotropy-related change

Fig. 5. Inertinite (i) in vitrinite (v). Note the differences in brightness between points
where the curved inertinite in intruding into the vitrinite (broad arrows) compared to
the opposite points of no intrusion (narrow arrow) and minimal intrusion
(intermediate-width arrow). For discussions of similar phenomena in non-coal
metamorphic rocks, see Spry (1969). Anthracite, with 5.75% Rmax, is from the Queen
Anne's Revenge site (see discussion with Fig. 2 caption). Image CCA 03 04. Scale = 50 μm.
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Fig. 6. Portion of the Buck Mountain vein with large inertinite grains, banded vitrinite, and areas of poor to non-existent banding (“featureless vitrinite”) between and above the inertinite.
The areas for Figs. 7a to 7C are indicated. Composite image 8689 t 04. Scale = 50 μm.

Fig. 7. (A) Inertinite, normal banding, featureless vitrinite, and pyrolytic carbon. Image 8689 t 04d. Scale = 50 μm. (B) Inertinite, normal banding, featureless vitrinite, and pyrolytic carbon.
A portion of one inertinite fragment is visible beneath this veneer of vitrinite. Image 8689 t 04c. Scale = 50 μm. (C) Inertinite, normal banding, featureless vitrinite, and pyrolytic carbon.
Some of the pyrolytic carbon is present in fractures in the inertinite. Composite image 8689 t 04b and 4a. Scale = 50 μm.

J.C. Hower, S.M. Rimmer, M. Mastalerz et al.

Geoscience Frontiers 12 (2021) 101122

Fig. 8. Metamorphic zones, coal rank, approximate vitrinite maximum reﬂectance (Rmax %), and some of the diagnostic mineral transitions and assemblages (after Kisch, 1974c, 1990). Key:
Subbit. – subbituminous; High vol – high volatile bituminous; Medium vol – medium volatile bituminous; Low vol – low volatile bituminous; Semi-anth. – semi-anthracite. Mineral
diagenesis diagram (on right; after Pollastro (1990) as modiﬁed after Hoffman and Hower (1979)) showing temperature ranges of common clays and I/S in diagenetic and low-grade
metamorphic settings. Note: Solid ovals denote approximate phase-limiting or phase-transitional temperatures.

high-rank coals. In the settings examined here, the temperature increase not only initiated the melting of the vitrinite, but it also contributed to the increase in coal rank from high volatile C/B bituminous at the
onset of the metamorphic event to the anthracite rank now seen in
the coal.

100 °C or more. Neither the mineral- or maceral-thermoplasticity-based
estimate is necessarily inaccurate, they are just developed for distinctly
different materials; the mineral-based changes would not have happened within the time interval of the heat pulse necessary to inﬂuence
the macerals. While the melting of the vitrinite and the alteration of
the megaspores (as per Hower et al., 2019) may have been initiated by
supercritical ﬂuids in the 375–400 °C range, the overall metamorphic
push to anthracite rank would have been the result of the lingering thermal effect of the event (or multiple thermal events). Even at 1-km depth,
the minimum necessary for the stability of supercritical ﬂuids, the heat
would have lingered long enough to signiﬁcantly inﬂuence coal rank.

Declaration of Competing Interest
The authors declare that they have no known competing ﬁnancial
interests or personal relationships that could have appeared to inﬂuence the work reported in this paper.

4. Summary

Acknowledgements

Coal, speciﬁcally the vitrinite in bituminous coals, can undergo melting from 375 °C to 400 °C and resolidiﬁcation in the mid-400 °C range or
in about an hour, even if the temperature does not reach the mid400 °C's. The textures associated with this phenomenon are best described by nomenclature usually reserved for igneous and metamorphic
rocks.
The textures seen in Fig. 5, and to a lesser extent in Fig. 3, are
diadysites (after Spry, 1969), a crosscutting migmatite. In contrast, the
Fig. 1A (this paper) and Hower et al.'s (2019) ﬁg. 10C varieties would
be embrechites (after Spry, 1969), or layered migmatites. The texture
of coal versus gneiss/granite, in this case, is independent of the temperature, just as the rock type (meaning sedimentary/metamorphic/igneous) is fundamentally independent of the distinction between
macerals versus minerals.
Neither the temperature of formation nor the basic composition of
the rock should disqualify the adoption of an appropriate term from another geology discipline, in this case from metamorphic petrology to
coal geology. Particularly since anthracites are the temperature equivalent of, at least, low-grade metamorphic rocks (Kisch, 1974a–c), metamorphic petrology nomenclature is appropriate for the description of

We acknowledge the late Ralph Gray for donating his collection of
Narragansett Basin petrographic photographs (Fig. 1C,D) and the Vanderbilt University Department of Earth and Environmental Sciences
(Fig. 1G,H) for donating their coal collection to the University of Kentucky CAER. Blaschak Coal Corp., Mahanoy City, Pennsylvania, supplied
the coal samples illustrated in Fig. 1A,B. Blaschak Coal Corp. supplied
the Buck Mountain coal sample as part of a subcontract to the University
of Kentucky from Lehigh University under their research contract from
Ben Franklin Technology Partners of Northeastern Pennsylvania.
We thank all of our editors and reviewers for their patience and
guidance through the review process.
References
Barker, C.E., 1991. Implications for organic maturation studies of evidence for a geologically rapid increase and stabilization of vitrinite reﬂectance at peak temperature:
Cerro Prieto geothermal system, Mexico. Am. Assoc. Petrol. Geol. Bull. 75, 1852–1863.
Blackmer, G.C., 1992. Post-Alleghanian thermal and unrooﬁng history of the Appalachian
Basin, Pennsylvania. PhD dissertation. Pennsylvania State University, University Park,
PA 172 pp.
7

J.C. Hower, S.M. Rimmer, M. Mastalerz et al.

Geoscience Frontiers 12 (2021) 101122
Kisch, H.J., 1974b. Anthracite and meta-anthracite coal ranks associated with
“anchimetamorphism” and “very-low-stage” metamorphism. II. Konikl. Nederl.
Akad. Wetenschappen Amsterdam B 77, 97–105.
Kisch, H.J., 1974c. Anthracite and meta-anthracite coal ranks associated with
“anchimetamorphism” and “very-low-stage” metamorphism. III. Konikl. Nederl.
Akad. Wetenschappen Amsterdam B 77, 106–112.
Kisch, H.J., 1987. Correlation between indicators of very-low grade metamorphism. In:
Frey, M. (Ed.), Low Temperature Metamorphism. Blackie, Glasgow, pp. 227–300.
Kisch, H.J., 1990. Calibration of the anchizone: a critical comparison of illite ‘crystallinity’
scales used for deﬁnition. J. Metamor. Geol. 8, 31–46.
Kisch, H.J., van den Kerkhof, A.M., 1991. CH4-rich inclusions from quartz veins in the
Valley-and-Ridge province and the anthracite ﬁelds of the Pennsylvania Appalachians. Am. Mineral. 76, 230–240.
Kolker, A., Engle, M., Stracher, G., Hower, J., Prakash, A., Radke, L., ter Schure, A., Heffern, E.,
2009. Emissions from coal ﬁres and their impact on the environment. U.S. Geological
Survey Fact Sheet 2009–3084 https://pubs.usgs.gov/fs/2009/3084/pdf/fs2009-3084.
pdf (accessed 12 April 2019).
Langenberg, W., Kalkreuth, W., 1991. Reﬂectance anisotropy and syn-deformational coaliﬁcation of the Jewel seam in the Cadomin area, Alberta, Canada. Int. J. Coal Geol. 19,
303–317 (f5).
Levine, J.R., 1983. Tectonic History of Coal-bearing Sediments in Eastern Pennsylvania
Using Coal Reﬂectance Anisotropy. Unpublished Ph.D. thesis. The Pennsylvania
State University, University Park, PA 314 pp.
Levine, J.R., 1986. Deep burial of coal-bearing strata: Anthracite region, Pennsylvania: sedimentation or tectonics? Geology 14, 577–580.
Levine, J.R., Davis, A., 1989a. The relationship of coal optical fabrics to Alleghanian tectonic
deformation in the central Appalachian fold-and-thrust belt, Pennsylvania. Geol. Soc.
Am. Bull. 101, 1333–1347.
Levine, J.R., Davis, A., 1989b. Reﬂectance anisotropy of Upper Carboniferous coals in the
Appalachian foreland basin, Pennsylvania, U.S.A. Int. J. Coal Geol. 13, 341–373.
Li, K., Liu, Q., Cui, X., Hou, D., Cheng, H., Wang, D., 2017. Investigation on the microstructural evolution of high-rank coal from Xinhua County, Hunan, China. Jo. Nanosci.
Nanotechnol. 17, 6976–6981.
Li, K., Rimmer, S.M., Liu, Q., 2018. Geochemical and petrographic analysis of graphitized
coals from Central Hunan, China. Int. J. Coal Geol. 195, 267–279.
Li, K., Rimmer, S.M., Liu, Q., Zhang, Y., 2019. Micro-Raman spectroscopy of microscopically
distinguishable components of naturally graphitized coals from Central Hunan Province, China. Energy Fuels 33, 1037–1048.
McArver, C.H., 2006. Coal. In: Powell, W.S. (Ed.), Encyclopedia of North Carolina. University of North Carolina Press, Chapel Hill https://www.ncpedia.org/coal (accessed 12
April 2019).
Nickelsen, R.P., 1983. Ambient temperatures during the Alleghanyorogeny. Guidebook,
Annual Field Conference of PennsylvaniaGeologists. 48, pp. 64–66.
Oliver, J., 1986. Fluids expelled tectonically from orogenic belts: their role in hydrocarbon
migration and other geologic phenomena. Geology 14, 99–102.
Oliver, J., 1992. The spots and stains of plate tectonics. Earth Sci. Rev. 32, 77–106.
Pollastro, R.M., 1990. The illite/smectite geothermometer – concepts, methodology, and
application to basin history and hydrocarbon generation. In: Nuccio, V.T., Barker,
C.E. (Eds.), Applications of Thermal Maturity Studies to Energy Exploration: Rocky
Mountain Section. Society of Economic Paleontologists and Mineralogists, pp. 1–18.
Price, L.C., Barker, C.E., 1985. Suppression of vitrinite reﬂectance in amorphous rich kerogen—a major unrecognized problem. J. Petrol. Geol. 8, 59–84.
Quaderer, A., Mastalerz, M., Schimmelmann, A., Drobniak, A., Wintsch, R.P., Bish, D.L.,
2016. Dike-induced thermal alteration of the Springﬁeld Coal (Pennsylvanian) and
adjacent clastic rocks, Illinois Basin, USA. Int. J. Coal Geol. 166, 108–117. https://doi.
org/10.1016/j.coal.2016.07.005.
Quinn, A.W., Glass, H.D., 1958. Rank of coal and metamorphic grade of rocks of the Narragansett Basin of Rhode Island. Econ. Geol. 53, 563–575.
Ramsay, J.G., 1967. Folding and Fracturing of Rocks. McGraw-Hill, New York, pp. 1–545.
Reeves, F., 1928. The carbon-ratio theory in light of Hilt's Law. Am. Assoc. Petrol. Geol.
Bull. 12, 795–823.
Repetski, J.E., Ryder, R.T., Weary, D.J., Harris, A.G., Trippi, M.H., 2008. Thermal Maturity
Patterns (CAI and %Ro) in the Upper Ordovician and Lower-Middle Devonian Rocks
of the Appalachian Basin: A Major Revision of USGS Map I-917-E Using New Subsurface Collections. U. S. Geological Survey Scientiﬁc Investigations Map SIM-3006.
Roden, M.K., Miller, D.S., 1989. Apatite ﬁssion-track thermochronologyof the Pennsylvania Appalachian basin. Geomorphology 2, 39–51.
Ruppert, L.F., Hower, J.C., Levine, J.R., Ryder, R.T., Trippi, M.H., Grady, W.C., 2010. Geologic
controls on thermal maturity patterns in Pennsylvanian coal-bearing rocks in the Appalachian basin. Int. J. Coal Geol. 81, 169–181.
Ruppert, L.F., Trippi, M.H., Hower, J.C., Grady, W.C., Levine, J.R., 2014. Thermal maturity
patterns in Pennsylvanian coal-bearing rocks in Alabama, Tennessee, Kentucky, Virginia, West Virginia, Ohio, Maryland, and Pennsylvania. In: Ruppert, L.F., Ryder, R.T.
(Eds.), Coal and Petroleum Resources in the Appalachian Basin; Distribution, Geologic
Framework, and Geochemical Character, U.S. Geological Survey Professional Paper
1708, 13 p., Oversized Material https://doi.org/10.3133/pp1708F.2.
Silva, L.F.O., Crissien, T.J., Sampaio, C.H., Hower, J.C., Dai, S., 2020. Occurrence of carbon
nanotubes and implication for the siting of elements in selected anthracites. Fuel
263, 116740.
Skehan, J.W., Murray, D.P., Raben, J.D., Chace Jr., H.B., 1982. Exploration and exploitation of
the Naragansett coal basin. In: Farquahar, O.C. (Ed.), Geotechnology in Massachusetts.
Geotechnology in Massachusetts Conference, Amherst, MA, March 1980,
pp. 381–397.
Spry, A., 1969. Metamorphic Textures. Pergamon, Oxford, pp. 1–350.

Blackmer, G.C., Omar, G.I., Gold, D.P., 1994. Post-Alleghanianunrooﬁng history of the Appalachian Basin, Pennsylvania, fromapatite ﬁssion track analysis and thermal models.
Tectonics 13, 1259–1276.
Bucher, K., Grapes, R., 2011. Petrogenesis of Metamorphic Rocks. 8th edition. Springer,
Heidelberg 428 pp.
Daniels, E.J., Altaner, S.P., 1990. Clay mineral authigenesis in coal and shale from the Anthracite region, Pennsylvania. Am. Mineral. 75, 825–839.
Daniels, E.J., Altaner, S.P., Marshak, S., 1990. Hydrothermal alteration in anthracite from
eastern Pennsylvania: implications for mechanisms of anthracite formation. Geology
18, 247–250.
Daniels, E.J., Aronson, J.L., Altaner, S.P., 1994. Late Permian age of NH4-bearing illite in anthracite from eastern Pennsylvania: temporal limits on coaliﬁcation in the Central
Appalachians. Geol. Soc. Am. Bull. 106, 760–766.
Daniels, E.J., Marshak, S., Altaner, S.P., 1996. Use of clay-mineral alteration patterns to deﬁne syntectonic permeability of joints (cleat) in Pennsylvania anthracite coal.
Tectonophysics 263, 123–136.
de Sousa, M.J. Lemos, 1978. Contribution à l’étude du BassinHouiller du Douro (NW du
Portugal). Atlas de micropétrographie des peranthracites. ServiçosGeologicos de
Portugal, Memória 26 (Nova séria) (92 p. and 84 plates).
Faill, R.T., 1998. A geologic history of the North-central Appalachians, part 3. The
Alleghany orogeny. Am. J. Sci. 298, 131–179.
Goodarzi, F., 1985. Characteristics of pyrolytic carbon in Canadian coals. Fuel 64,
1672–1676.
Goodarzi, F., Cameron, A.R., 1989. Organic petrology of thermally altered coals from
Telkwa, British Columbia. Contributions to Canadian Coal Geoscience, Ottawa, Geological Survey of Canada Paper 89-8, pp. 96–103.
Goodarzi, F., Eckstrand, O.R., Snowdon, L., Williamson, B., Stasiuk, L.D., 1992. Thermal
metamorphism of bitumen in Archean rocks by ultramaﬁc volcanic ﬂows. Int.
J. Coal Geol. 20, 165–178.
Gray, R.F., DeVanney, K.F., 1986. Coke carbon forms: microscopic classiﬁcation and industrial applications. Int. J. Coal Geol. 6, 277–297.
Gresley, W.S., 1896. Observations regarding the occurrence of anthracite, with a new theory on its origin. Am. Geol. 18, 1–21.
Harrison, M.J., Marshak, S., Onasch, C.M., 2004. Stratigraphic control of hot ﬂuids on
anthracitization, Lackawanna synclinorium, Pennsylvania. Tectonophysics 378,
85–103.
Hoffman, J., Hower, J., 1979. Clay mineral assemblages as low grade metamorphic
geothermometers: application to the thrust faulted disturbed belt of Montana, USA.
In: Scholle, P.A., Schluger, P.R. (Eds.), Aspects of Diagenesis, Soc. Econ. Paleontol. Mineral. Special Publication. 26, pp. 55–79.
Hood, A., Gutjar, C.C.M., Heacock, R.L., 1975. Organic metamorphism and the generation of
petroleum. Am. Assoc. Petrol. Geol. Bull. 59, 986–996.
Hower, J.C., 1978. Anisotropy of Vitrinite Reﬂectance in Relation to Coal Metamorphism
for Selected United States Coals. Unpublished Ph.D. thesis. The Pennsylvania State
University, University Park 339 pp.
Hower, J.C., 1997. Observations on the role of the Bernice coal ﬁeld (Sullivan County,
Pennsylvania) anthracites in the development of coaliﬁcation theories in the Appalachians. Int. J. Coal Geol. 33, 95–102.
Hower, J.C., 2013. History of coal rank theories with emphasis on Eastern US examples.
Geol. Soc. Am. Abstr. Progr. 45 (7), 650. https://gsa.confex.com/gsa/2013AM/
ﬁnalprogram/abstract_227471.htm (accessed 2 October 2018).
Hower, J.C., 2014. Historic record of coal ﬁres in the Richmond Basin, Virginia. In: Stracher,
G.B., Prakash, A., Sokol, E.V. (Eds.), Coal and Peat Fires: A Global Perspective. 26.
Elsevier, pp. 667–670.
Hower, J.C., Davis, A., 1981. Vitrinite reﬂectance anisotropy as a tectonic fabric element.
Geology 9, 165–168.
Hower, J.C., Gayer, R., 2002. Mechanisms of coal metamorphism: case studies from Paleozoic coal ﬁelds. Int. J. Coal Geol. 50, 215–245.
Hower, J.C., Lloyd, W.G., 1999. Petrographic observations of Gieseler semi-cokes from high
volatile bituminous coals. Fuel 78, 445–451.
Hower, J.C., Wild, G.D., 1994. Petrology of Jurassic (Kimmeridgian) coals, Atlantic continental slope, New Jersey. In: Schultz, A.P., Rader, E.K. (Eds.), Studies in Eastern Energy
and the Environment: Virginia Division of Mineral Resources, Publication. 132,
pp. 11–15.
Hower, J.C., Levine, J.R., Skehan, J.W., Daniels, E.J., Lewis, S.E., Davis, A., Gray, R.J., Altaner,
S.P., 1993. Appalachian anthracites. Organ. Geochem. 20, 619–642.
Hower, J.C., Hood, M.M., Taggart, R.K., Hsu-Kim, H., 2017. Chemistry and petrology of
paired feed coal and combustion ash from anthracite-burning stoker boilers. Fuel
199, 438–446. https://doi.org/10.1016/j.fuel.2017.03.007.
Hower, J.C., Rimmer, S.M., Mastalerz, M., Wagner, N.J., 2019. Notes on the mechanisms of
coal metamorphism in the Pennsylvania Anthracite Fields. Int. J. Coal Geol. 202,
161–170. https://doi.org/10.1016/j.coal.2018.12.009.
Hulver, M.H., 1997. Post-orogenic Evolution of the Appalachian Mountain System and its
Foreland. Unpublished PhD dissertation. The University of Chicago 1055 pp.
Juster, T.C., Brown, P.E., Bailey, S.W., 1987. NH4-bearing illite in very low-grade metamorphic rocks associated with coal, northeastern Pennsylvania. Am. Mineral. 72,
555–565.
Kalkreuth, W., Langenberg, W., McMechan, M., 1990. Regional coaliﬁcation of lower cretaceous coal-bearing strata, Rocky Mountain Foothills and Foreland, British Columbia
and adjacent parts of Alberta, Canada. Int. J. Coal Geol. 16, 219–220.
Kenyon, K.P., Hatt, R., Garrison, T.M., Hower, J.C., 2021. Queen Anne’s Revenge coal conundrum: origins of coal found in association with an historic shipwreck. Int. J. Nautical
Archaeol. (in review).
Kisch, H.J., 1974a. Anthracite and meta-anthracite coal ranks associated with
“anchimetamorphism” and “very-low-stage” metamorphism. I. Konikl. Nederl.
Akad. Wetenschappen Amsterdam B 77, 81–96.
8

J.C. Hower, S.M. Rimmer, M. Mastalerz et al.

Geoscience Frontiers 12 (2021) 101122
White, D., 1925. Progressive regional carbonization of coals. Trans. Am. Inst. Min. Eng. 71,
253–281.
Wood Jr., G.H., Trexler, J.P., Kehn, T.M., 1969. Geology of the west-central part of the
Southern Anthracite Field and adjoining areas, Pennsylvania. U.S. Geological Survey
Professional Paper 602. U.S. Govt. Print. Off., pp. 1–150.
Zhang, E., Davis, A., 1993. Coaliﬁcation patterns of the Pennsylvanian coal measures in the
Appalachian foreland basin, western and south-Central Pennsylvania. Geol. Soc. Am.
Bull. 105, 162–174.

Suárez-Ruiz, I., Flores, D., Marques, M.M., Martinez-Tarazona, M.R., Pis, J., Rubiera, F., 2006.
Geochemistry, mineralogy and technological properties of coals from Rio Maior
(Portugal) and Peñarroya (Spain) basins. Int. J. Coal Geol. 67, 171–190.
Teichmüller, M., Teichmüller, R., 1966. Geological causes of coaliﬁcation. In: Given, P.H.
(Ed.), Coal Science. 55. American Chemical Society Advances in Chemistry,
pp. 133–155.
Turner, H.G., 1934. Anthracites and semianthracites of Pennsylvania. Am. Inst. Min.
Metall. Eng. Trans. 108, 330–343.
Weisenberger, M.C., Burgess, J., Schobert, H.H., Hower, J.C., 2020. Thermal properties of
Pennsylvania anthracite. Fuel 266, 117101.

9

